ABSTRACT In this study, we aimed to use duck breast muscle and leg muscle, the 2 main productive muscle organs, as a model to elucidate the molecular mechanism controlling how the 2 muscles have different deposition capabilities, and to analyze the mechanisms facilitating duck muscle development posthatching. Peking duck breast muscle and leg muscle were collected 3, 7, and 16 wk posthatching. The morphology of the myofibers was observed by paraffin sectioning the muscles. The expression of genes involved in protein metabolism [mammalian target of rapamycin (mTOR), RPS6-p70-protein kinase (S6K), forkhead box O1 (FoxO1), muscle RING finger 1 (MuRF1), and atrogin-1 (MAFbx)] was detected using real-time quantitative PCR and Western blot assays, and the results indicated that breast muscle had a stronger capacity for both protein synthesis and protein degradation compared with leg muscle. Satellite cell frequency declined during muscle development in both tissues, and the expression of Pax3/7, satellite cell marker genes, was not significantly different between breast muscle and leg muscle. No notable apoptosis was observed in either tissue. The results of this study suggest that protein metabolism signaling is the main reason promoting duck skeletal muscle mass gain.
INTRODUCTION
It is well documented that many factors contribute to muscle development, such as species, genotypes, age, sex, and location, among other variables. Fundamental data related to meat production have been collected for farm animals; however, the potential signaling pathways related to muscle deposition capacity remain poorly defined. King and Ménissier (1982) found that in double-muscled cattle, the forelimb and hindlimb muscle tissues have a higher degree of hypertrophy compared with the loin, which they assessed by dissecting and weighing the muscles individually (King and Ménissier, 1982) . Analysis of characteristic chicken muscle fibers showed that the myofiber diameter (MFD) and density differently affected the timing and sequence of the developmental pattern of breast muscle and leg muscle (Jing et al., 2009 ). These results provided evidence to support the idea that muscle deposition capacity depends on muscle location. To date, a clear mechanism
has not yet been defined to explain differences in muscle deposition capacity, although the expression pattern of some genes related to muscle development, such as MRF (MyoD, MyoG, Myf5, and MRF4) , insulin-like growth factor 1, myostatin, and others, was revealed in different muscle tissues.
The increase in muscle mass is a consequence of hyperplasia (an increase in cell number; Enesco and Puddy, 1964) and hypertrophy (an increase in cell size; Ross et al., 1987) , which requires both cell turnover and protein turnover. Muscle production is predominantly determined by protein turnover during the postnatal period, because the number of myofibers was fixed in the embryo. One of the important signaling pathways controlling muscle hypertrophy is the Akt/mammalian target of rapamycin (mTOR) pathway. The mTOR/ S6K pathway, as a major downstream branch of the Akt pathway, has been referred to as a key regulator of cell growth by controlling protein synthesis and other functions integrating signals from growth factors, nutrients, and cellular energy status (Hay and Sonenberg, 2004; Teleman et al., 2008) . In contrast, the ubiquitinproteasome pathway, which can be activated by FoxO family proteins, is the dominant signaling pathway in skeletal muscle atrophy. The MuRF1 and MAFbx/ Atrogin-1 are markers of the atrophy process and are highly expressed in multiple models of skeletal muscle atrophy (Bodine et al., 2001; Gomes et al., 2001) .
On the other hand, recent studies suggest that cell turnover is also involved in muscle growth and the maintenance of muscle mass, because satellite cell proliferation or fusion is essential to maintain the balance between myonuclear accretion and myonuclear loss. Satellite cells, located on the surface of the myofiber between the plasma membrane and the basal lamina (Hawke and Garry, 2001) , are uniformly marked by Pax7 expression (Kassar-Duchossoy et al., 2005) . Recent research demonstrated that Pax3, a paralog of Pax7, is also detected in quiescent and activated satellite cells in most skeletal myoblasts (Relaix et al., 2006; Day et al., 2007) . The number of satellite cells markedly increases in muscles subjected to overload-induced hypertrophy (Schiaffino et al., 1976) , and satellite cell proliferation also increases due to exercise both in humans (Kadi et al., 2005) and in animal models (Li et al., 2006) . As a source of new myonuclei, satellite cell number and proliferation capability declines with increased age, which is responsible for the reduction of growth and regeneration capability of muscle (Brack et al., 2005) .
Based on our data, it is well known that breast muscle and leg muscle show significantly different muscle mass gain in Peking duck (Anas platyrhynchos domestica). Considering the important role of muscle development, the objective of the present study was to explore avian muscle development characteristics and to investigate potential signaling pathways involved in muscle deposition capacity posthatching using Peking duck breast muscle and leg muscle as a model. Signaling involved in protein metabolism and satellite cell frequency were compared in both muscle tissues at various stages of posthatching duck development. These data elucidate the signals controlling duck skeletal muscle development and offer an opportunity to understand the theoretical foundation of the difference in muscle deposition between duck breast muscle and leg muscle.
MATERIALS AND METHODS

Birds and Tissues
Peking ducks (Anas platyrhynchos domestica) with an initial BW of 60 to 70 g were obtained from the Sichuan Agricultural University Waterfowl Breeding Experimental Farm and were fed in accordance with the Beijing Animal Welfare Committee. After fasting for 12 h, 30 ducks (15 male ducks and 15 female ducks) were weighed over the time from posthatching to 16 wk. Three male ducks were slaughtered by rapid bloodletting 3, 7, and 16 wk posthatching. The breast muscle and leg muscle were isolated and weighed. All of the tissue samples were collected from 3 individual ducks at each time point. Each sample was stored in 3 different ways: frozen in liquid nitrogen for RNA and protein extraction, fixed in 4% formalin to generate paraffin sections, and submerged in 75% sucrose solution to generate cryosections.
RNA Extraction and Real-Time Quantitative PCR
Signaling involved in protein metabolism and satellite cell frequency were compared in both muscle tissues at various stages of posthatching duck development. Total RNA was extracted using Trizol reagent (TaKaRa, Otsu, Japan) following the manufacturer's instructions. Then, the cDNA was reverse transcribed from RNA using a reverse-transcription system (Takara, Dalian, China). The expression of mTOR, S6K, FoxO1, MuRF1, MAFbx, Pax3, and Pax7 was detected by real-time quantitative PCR using the IQTM5 System (Bio-Rad, Hercules, CA), and β-actin and GAPDH were used as internal reference genes. Two key genes controlling protein synthesis are mTOR and S6K, and in contrast, FoxO1, MuRF1, and MAFbx are key genes controlling protein degradation. Pax3 and Pax7 are the marker genes of satellite cells. All of the primers used are listed in Supplemental Table 1 (http://dx.doi. org/10.3382/ps.2014-04145). The relative expression levels of all genes of interest were calculated using ge-NORM algorithms (Vandesompele et al., 2002) based on the geometric means of the 2 reference genes.
Histological Analysis
Fixed samples were dehydrated by a series of ethanol dilutions from a low concentration (75%) to a high concentration (100%), treated with xylene, and then embedded in paraffin. Paraffin blocks were sectioned (6 μm) along the horizontal axis of the sample. Then, sections were stained with hematoxylin and eosin, viewed and imaged with a microscope (×100; Nikon, Tokyo, Japan). At least 5 images of each section were acquired.
Immunofluorescence
Harvested tissue was embedded and mounted in Tissue-Tek OCT compound (Leica, Nußloch, Germany). Serial horizontal cryosections (6 μm) were generated using a freezing microtome (CM1100, Leica) at −20°C. For immunofluorescent labeling, cryosections was processed according to previous methodologies (Liu et al., 2011) . The primary antibodies anti-Pax7 (Developmental Studies Hybridoma Bank, Iowa City, IA) and anti-laminin (L9393, Sigma, St. Louis, MO) were used together to identify satellite cells. Anti-Pax7 is a mouse monoclonal antibody and detected with goat anti-mouse IgG-Cy3 (Boster Co. Ltd., Beijing, China) in red. Anti-laminin is a rabbit polyclonal antibody and was detected with goat anti-rabbit IgG-FITC (Boster Co. Ltd.) in green. DAPI (Beyotime, Shanghai, China) was used as a nuclear counterstain to label all of the nuclei in blue. For data collection, the sections were observed under a fluorescence microscope (Nikon, Tokyo, Japan).
Western Blotting
Proteins were extracted using a tissue protein extraction kit (BestBio, Shanghai, China). The proteins were separated by 10% SDS-PAGE at 100 V for 1.5 to 2 h and transferred onto a nitrocellulose membrane (Beyotime) at 25 V for 20 to 30 min. The membranes were incubated in blocking solution (Beyotime) for 2 h at 37°C. The membrane were first stained with the primary antibody at a dilution of 1:1,000 at 4°C for 12 h, then washed with TBS/Tween for 10 min 3 times. Finally, the membrane was incubated with the corresponding secondary antibody at a dilution of 1:1,000 at 37°C for 2 h, washed with TBS/Tween 3 times for 10 min each, and TBS twice for 5 min. Anti-actin (Bioss, Beijing, China) was used as a loading control. The immunoreactive proteins were observed using a DAB horseradish peroxidase color development kit (Beyotime).
Apoptosis Assay
Apoptotic morphological changes in the nuclear chromatin of tissues were detected by Hoechst 33258 staining (Beyotime), according to the manufacturer's instructions. The sections were observed under a fluorescence microscope (Nikon, Tokyo, Japan).
The activity of caspase-3 was determined with the Caspase 3 Activity Assay Kit (Beyotime). Briefly, muscle samples were lysed in lysis buffer and incubated with Ac-DEVD-pNA (2 mM) at 37°C for approximately 2 h until an obvious color change was observed. Finally, the absorbance ratio of the chromophore pNA was quantitated with a microplate reader at a wavelength of 405 nm.
Statistical Analysis
All of the experiments were conducted in triplicate. All of the results were reported as the mean ± SD. Statistical analysis was performed with GLM processes, and means were compared for significance by t-test using SAS 8.0 software (SAS Institute Inc., Cary, NC). Differences were statistically significant at P < 0.05. Figure 1A shows the increase of duck breast muscle and leg muscle mass from posthatching to 16 wk. Paraffin sections depict the process of myofiber hypertrophy from 3 to 16 wk ( Figure 1B) . Accompanying muscle development, the MFD and cross-sectional area (CSA) showed a remarkable increase from 3 to 16 wk (P < 0.05) in both muscles and was significantly different between breast muscle fibers and leg muscle fibers (P < 0.05) at almost every stage, except for CSA at 3 wk ( Figure 1C and 1D) . The CSA of leg muscle increased about 5-fold between 3 and 7 wk. Between 7 and 16 wk, breast muscle showed a 4-fold increase in the CSA, compared with leg muscle, which only increased 2.5-fold. In contrast, breast muscle had a larger number of myofibers per micrometer squared (MFN) and myonuclei per micrometer squared (MNN) than leg muscle at every stage (P < 0.05), except MFN at wk 16 ( Figure  1E and 1F) . The MNN in breast muscle showed an almost 5-fold reduction from 3 to 7 wk. Between 7 and 16 wk, the MNN of leg muscle exhibited 2.5-fold decreases. Figure 2A shows the mRNA expression levels of mTOR and S6K in breast muscle and leg muscle at 3, 7, and 16 wk. The mTOR mRNA expression showed a significant difference between different time points in both muscles. The mRNA expression of S6K showed an increase with development. Furthermore, compared with leg muscle, breast muscle had higher mRNA expression of mTOR and S6K at almost every stage examined (P < 0.05) except that breast muscle has a lower mRNA expression of mTOR than leg muscle at 7 wk. Consistent with previous results, the protein expression level of S6K ( Figure 2B ) in breast muscle increased 1-fold between 3 and 7 wk and was slightly reduced from 7 to 16 wk. In contrast, leg muscle had an almost constant expression of S6K protein posthatching.
RESULTS
Morphology
Protein Metabolic Signaling
Three protein degeneration factors (FoxO1, MuRF1, and MAFbx) did not show a trend as development progressed (Figure 2A) . Breast muscle has a higher mRNA expression level of FoxO1 than leg muscle at 3 and 16 wk. Compared with leg muscle, breast muscle showed a significant change (P < 0.05) in MuRF1 and MAFbx expression between both 3 and 7 wk and between 7 and 16 wk ( Figure 2A ). As shown in Figure 2B , protein expression of FoxO1 had no significant difference between breast muscle and leg muscle at every stage examined. Figure 3A shows the representative images of satellite cells, which were labeled by anti-Pax7 antibody in red. As shown in Figure 3B , the frequency of satellite cells in breast muscle and in leg muscle decreased significantly from approximately 25% at 3 wk to 5% at 16 wk. Specifically, breast muscle started at 25% at wk 3 and changed to <5% at wk 16, whereas leg muscle started at 15% at wk 3 and changed to 5% at wk 16. Satellite cell frequency was not significantly different between breast muscle and leg muscle at 7 or 16 wk.
Satellite Cell Frequency
The mRNA expression of Pax3 and Pax7 showed a slight increase from 3 to 16 wk in leg muscle; in contrast, the mRNA expression of Pax3 showed a slight decrease in breast muscle from 3 to 16 wk ( Figure 3C ). However, the protein expression of Pax3 and Pax7 did not show a trend as development progressed. Compared with leg muscle, breast muscle expressed higher levels of Pax7 protein only at 7 wk ( Figure 3D ).
Apoptosis
As shown in Figure 4A , the Hoechst-stained nuclei showed no obvious signs of apoptotic cell death in either muscle tissues at all stages. In breast muscle, the highest caspase-3 activity was observed at 7 wk ( Figure  4B) ; however, there was no significant difference in caspase-3 activity between breast and leg muscle.
DISCUSSION
The data show that during the posthatching period, duck breast muscle and leg muscle exhibited a similar growth curve, which is in agreement with previous studies (Knízetová et al., 1991; Maruyama et al., 2001 ). Muscle weight is significantly different between breast muscle and leg muscle posthatching. Leg muscle is heavier than breast muscle during the early stages of posthatching development; however, breast muscle is heavier at the later stages. This phenomenon is highly consistent with the growth rule that leg muscle is an early developing organ and breast muscle is a later developing organ (Maruyama et al., 2001 ). The parameters related to muscle mass gain, including MFD, CSA, MFN, and MNN, were significantly different between breast muscle and leg muscle. Although single leg muscle myofibers showed a greater increase for MFD and CSA values compared with breast muscle fibers, breast muscle showed a larger increase in mass gain compared with leg muscle. This may be due to the fact that breast muscle has a large number of myofibers and myonuclei. Currently, we are interested in revealing the variations in potential signaling pathways that generate the morphological differences between breast muscle and leg muscle.
Given the importance of protein metabolism and satellite cells in regulating muscle growth and regeneration (Ishii et al., 2012) , protein metabolism was the first potential mechanism to explain the differences in muscle mass gain between breast muscle and leg muscle. Our data show that genes related to both protein synthesis and protein degradation are more highly expressed in breast muscle than in leg muscle at almost every stage examined, which indicated that breast muscle has increased protein metabolism capability compared with leg muscle. From 3 to 7 wk, the expression of S6K protein increased 2-fold, and the expression of both MuRF1 and MAFbx were reduced 25-fold in breast muscle, indicating that during this time, breast muscle is capable of high levels of protein synthesis and extremely low levels of protein degradation. Furthermore, breast muscle exhibited the largest growth rate with a 26-fold increased mass between 3 and 7 wk. Therefore, Figure 2 . Analysis of protein metabolism capacity between duck breast muscle (BM) and leg muscle (LM) at 3 (W3), 7 (W7), and 16 (W16) wk posthatching. A. The mRNA expression patterns of mammalian target of rapamycin (mTOR), RPS6-p70-protein kinase (S6K), forkhead box O1 (FoxO1), muscle RING finger 1 (MuRF1), and atrogin-1 (MAFbx) were analyzed using real-time quantitative PCR. The mRNA expression of genes in BM at W3 was normalized to 1. B. Western blot analysis of S6K and FoxO1 protein activity. The protein expression of S6K and FoXO1 in BM at W3 were normalized to 1. *Significant difference (P < 0.05) between BM and LM at the given time point. Letters a, b, and c represent a significant difference (P < 0.05) among different time points in BM. Letters a', b', and c' represent significant difference (P < 0.05) among different time points in LM. Error bars indicate SD. it was likely that the rapid growth rate of breast muscle was attributable to the high rate of protein synthesis, consistent with results from rat neonatal muscle (Fiorotto et al., 2000) . On the other hand, as mentioned above, breast muscle also had a higher myonuclei density than leg muscle at each examined stage. Because myonuclear accretion can improve the capacity for protein synthesis via the regulation of ribosome production and muscle ribosome concentration (Kawano et al., 2007) , these data indirectly support the idea that high levels of protein metabolic activity are responsible for the differences in muscle mass gain between breast muscle and leg muscle.
Next, we found that in both breast muscle and leg muscle, the number of satellite cells steadily decreases from 3 wk (approximately 25% of muscle nuclei) to 16 wk (approximately 5% of muscle nuclei), in agreement with previous studies showing that satellite cells undergo an age-related decline in numbers (Chakkalakal et al., 2012; Tajbakhsh, 2013) . Substantial evidence from previous studies has shown that satellite cells lose their ability to function in proliferation and fusion and cannot maintain the muscle regeneration program with age. Nevertheless, Barberi et al. (2013) revealed that the limit of satellite cell proliferation is not enough to impair muscle development during normal aging. Moreover, muscle growth ability is reduced with aging primarily because the systemic environment deteriorates, rather than due to satellite cell function (Shefer et al., 2006) . These studies suggest that small numbers of satellite cells can still maintain normal muscle regeneration in a young systemic environment. Our data show that between 3 and 7 wk, satellite cell frequency decreased 3.7-fold in breast muscle and 1.8-fold in leg muscle, and the density of myonuclei decreased 4.9-fold in breast muscle and 2.1-fold in leg muscle. However, the muscle mass increased 26-fold in breast muscle and 3-fold in leg muscle between 3 and 7 wk, which revealed that the decline in the frequency of satellite cells had almost no effect on the increase in muscle mass. The expression of Pax7 and Pax3, satellite cell marker genes, had no clear change in expression in either muscle from 3 to 16 wk and showed no notable differences between the muscles. Muscles undergoing hypertrophy induced by overload exhibit a remarkable increase in the number of satellite cells (Schiaffino et al., 1976) , but it is still a controversial issue whether satellite cells are required for muscle hypertrophy. From the data obtained in this study, we believe satellite cells have little contribution and do not play a major role generating the differences in muscle mass gain between duck breast muscle and leg muscle.
It is well known that organismal development is accompanied by apoptosis to maintained the homeostasis of mammals and birds, and apoptotic signaling is clearly correlated with muscle mass loss and muscle dysfunction with age (Marzetti et al., 2012; Zhu et al., 2013) . In the present study, based on the apoptotic morphology and caspase-3 activity in the muscles examined, there was no notable difference in apoptosis between breast muscle and leg muscle at any stage. Therefore, apoptosis is not generating the differences in muscle mass gain between duck breast muscle and leg muscle.
In conclusion, our data demonstrated that duck breast muscle has a remarkably higher increase in mass gain than leg muscle posthatching. Moreover, the varia- tions in growth rate of breast muscle and leg muscle are accompanied by relative variations in protein metabolism and satellite cell frequency. Breast muscle exhibited a higher degree of protein metabolism than leg muscle; however, satellite cell frequency and apoptosis were not obviously different between breast muscle and leg muscle. Above all, protein metabolism signaling is the main reason promoting duck skeletal muscle mass gain and may offer a new approach to facilitate skeletal muscle development.
